Abstract A mutant allele of the transcription factor gene MYB10 from apple induces anthocyanin production throughout the plant. This gene, including its upstream promoter, gene coding region and terminator sequence, was introduced into apple, strawberry and potato plants to determine whether it could be used as a visible selectable marker for plant transformation as an alternative to chemically selectable markers, such as kanamycin resistance. After transformation, red coloured calli, red shoots and red wellgrowing plants were scored. Red and green shoots were harvested from apple explants and examined for the presence of the MYB10 gene by PCR analysis. Red shoots of apple explants always contained the MYB10 gene but not all MYB10 containing shoots were red. Strawberry plants transformed with the MYB10 gene showed anthocyanin accumulation in leaves and roots. No visible accumulation of anthocyanin could be observed in potato plants grown in vitro, even the ones carrying the MYB10 gene. However, acid methanol extracts of potato shoots or roots carrying the MYB10 gene contained up to four times higher anthocyanin content than control plants. Therefore anthocyanin production as result of the apple MYB10 gene can be used as a selectable marker for apple, strawberry and potato transformation, replacing kanamycin resistance.
Introduction
Plant transformation methods rely on the delivery, integration and expression of defined genes in plant cells, which can be regenerated into plants. Selection is necessary to separate transformed cells from nontransformed ones because the efficiency of stable transformation is low. Selectable marker genes are used to confer positive or negative selection and ensure growth of only genetically modified cells. Selectable marker genes that are widely used encode for resistance against the antibiotics kanamycin and hygromycin and originate from bacteria. In response to the negative image of these markers in green biotechnology, scientists have developed alternative selection strategies to avoid the use of antibiotics, although the reason for this is political rather than scientific (Ramessar et al. 2007) . Examples are the use of marker gene-free vectors (de Vetten et al. 2003) or removable marker gene systems like pMF-1 (Schaart et al. 2004) . Alternative selection marker genes that result in the production of plant-based products, which are non-toxic and easy to score, have also been considered (Miki and McHugh 2004) . The red and purple coloured anthocyanins seem to be promising since they are visible by the human eye, do not require addition of substrate, are not essential for development and are non-toxic. Recent reports (Butelli et al. 2009 ) have even shown that consumption of anthocyanins can be beneficial for health, such as anti-cancer, which could make crops with increased anthocyanin content attractive from a consumer's point of view.
This paper describes the replacement of resistance to the antibiotic kanamycin with anthocyanin formation as a selectable marker for plant transformation. Previous efforts in wheat and sugarcane with the anthocyanin regulatory genes C1 and B from maize failed due to the inability of the anthocyaninproducing cells to divide (Ludwig et al. 1990 , Chawla et al. 1999 or for regenerating shoots to grow beyond a certain developmental stage (Bower et al. 1996 . Recently, wheat embryo-specific expression of maize transcription factor genes for anthocyanin was described by Doshi et al. (2007) . The PAP1/ myb75 transcription factor gene from Arabidopsis was expressed in tobacco cell cultures and resulted in dark red cells (Zhou et al. 2008) , and the maize Lc gene expressed in apple (Li et al. 2007 ) resulted in high anthocyanin accumulation in transgenic plants, showing the feasibility of obtaining plants transformed with these transcription factor genes. However, none of these reports showed the use of anthocyanin formation as selection criterion or the use of the promoter of the transcription factor gene itself to drive expression. Espley et al. (2007) isolated an apple transcription factor gene, MYB10, responsible for skin colour of apple fruits. A mutant allele was found in the apple cultivar (cv) Red Field that results in purple-stained skin and flesh of fruits. The mutant allele contains an insertion/repeat in the promoter region that causes ectopic expression of anthocyanins (Espley et al. 2009 ). The apple plants of cv Red Field accumulate anthocyanin in the leaves, stems, flowers and fruits (Espley et al. 2007 ).
Here we describe the use of the mutant MYB10 allele from cultivar Red Field as a selectable marker gene. The MYB10 gene, under the control of its own promoter and terminator, was transformed into apple, strawberry (another member of the rosaceous family) and potato as model crop species. Regenerated shoots were harvested from explants without any antibiotic selection or on kanamycin selection. For comparison, a GUS reporter gene construct was transformed in parallel.
Results

Accumulation of anthocyanin after transformation of apple with the MYB10 gene
In a pilot experiment apple leaf explants were incubated after transformation on plates without kanamycin and kept in the dark at 24°C for callus induction. Later, shoots regenerated from the calli. Figure 1 shows different stages of regeneration after transformation of apple explants with the MYB10 gene under standard conditions. There was localised accumulation of anthocyanins in some calli (Fig. 1a,  b) , in shoot-like structures (Fig. 1c) , in explants with emerging shoots (Fig. 1d ) and in regenerated plantlets (Fig. 1e ).
Light intensity, non-specifically, influences accumulation of anthocyanin To determine in which phase of tissue culture (as early as callus or shoot) and under what conditions phenotypic selection of putative transgenic plants was possible, 600 apple explants were transformed with the MYB10 gene construct in the dark. Four weeks after transformation, 563 calli were harvested, of which a low number of nine showed anthocyanin accumulation (Table 1) . These nine anthocyanin accumulating calli were placed at standard light condition for regeneration. Two of those nine calli developed a shoot of which one survived that was completely red. In the dark grown calli harvested from explants transformed with the GUS gene construct or the untransformed controls did not show any anthocyanin accumulation (Table 1) . So, the MYB10 gene transformation showed infrequently specific accumulation of anthocyanin in, dark initiated and grown, calli.
In the dark initiated green calli from the transformation experiment mentioned in Table 1 were exposed to different light intensities: low(only reflected; 15 lE), standard (50 lE) and high (100 lE). Twenty-four hours after the calli were exposed to these different light conditions; they were scored for visible anthocyanin accumulation. A callus was considered red if it was completely red or showing red sectors. The results are presented in Table 2 , indicating that anthocyanin accumulation in a low frequency of green calli was observed after transformation with the MYB10 construct but also with the GUS construct and even in the untransformed control. Red coloration of calli in the light was more a-specific. The callus material was further incubated in the climate chamber for regeneration of shoots.
Red shoots always contain the inserted MYB10 gene and green shoots sometimes At a later stage after regeneration, shoots were harvested from explants with red and green calli Transgenic Res (2011 Res ( ) 20:1253 Res ( -1264 Res ( 1255 and scored for their phenotypes. PCR analysis of genomic DNA (gDNA) extracted from the red and green shoots showed that red shoots always contained the construct, as represented by a 500-bp PCR product (Online Resource 1). The 400-bp band is representative of the endogenous MYB10 gene. In a pilot experiment 29 shoots were harvested from 50 leaf explants transformed with the pART27-21 construct not subjected to kanamycin selection. Of the harvested shoots, all 29 were positive when tested by PCR for the endogenous 400 bp band. As is shown in Online Resource 1, 20 out of 29 shoots were also PCR positive for the 500 bp band representing the pART27-21 construct. All 9 red colored shoots were PCR positive as expected, whereas 11 out of the 20 green shoots also showed the same specific PCR product. So all the shoots, visibly accumulating anthocyanin, showed the inserted gene but not vice versa, indicating that shoots containing the specific PCR product of the inserted gene, were either red or green. PCR analysis on the VirG gene showed the absence of Agrobacterium contamination in all of the analyzed shoots.
MYB10 induces anthocyanin accumulation in strawberry and potato
To determine the application range of the MYB10 gene as a selectable marker, this gene was also transformed into the plant model species potato and another member of the rosaceous family, strawberry. Shoots regenerated in both cases directly from the explants, without a clear callus phase. Regenerated shoots emerging from strawberry explants transformed with the MYB10 gene were either red or green. Red-leafed plantlets produced red roots ( Fig. 2a-d From each species we selected a line that visibly accumulated the highest amount of anthocyanin. These selected lines were PCR? for the inserted gene construct and were multiplied in vitro. Harvested plant material was analyzed by HPLC to determine total anthocyanin content and anthocyanin composition after acid hydrolysis. The results are shown in Fig. 3 . Total anthocyanin content was statistically significantly higher in the MYB10 transformed plants compared to the control lines. P-values using Anova single factor from the analysis tools in Excell software were 0.0137 for apple, 0.0098 for strawberry and 0.022 for potato, respectively. In untransformed control apple and strawberry lines, only cyanidin was detected, whereas potato mainly contained pelargonidin and peonidin. The transgenic apple and strawberry lines still accumulated mostly cyanidin-based anthocyanins in addition to detectable levels of pelargonidin and peonidin. Potato plants transformed with the MYB10 gene still accumulated predominantly pelargonidin and peonidin in addition to a considerable amount of the blue delphinidin.
The HPLC analysis was performed with additional MYB10 transformed, anthocyanin accumulating apple, strawberry and potato lines with similar results (data not shown). Table 3 shows the number of explants, the number of regenerated shoots and PCR positive shoots, and the number of regenerated shoots with a visible phenotype: either GUS blue staining or visible accumulation of anthocyanin. A shoot was considered GUS positive when blue spots or sectors were observed. It was generally observed in all 3 plant species that the number of PCR positive shoots after MYB10 transformation was higher compared to the number of shoots with a visible phenotype indicating that not all PCR? shoots showed a visible phenotype. This was not dependent on the presence or absence of kanamycin selection.
Transformation efficiency
Secondly, we observed that transformation efficiencies, expressed as percentage of explants resulting in a shoot with a visible phenotype, were higher when kanamycin was included in the regeneration medium for both the MYB10 and the GUS gene construct in apple, strawberry and potato.
Interestingly, in apple, the transformation efficiency with the MYB10 gene was 9% and with the GUS gene 2% in the regeneration medium without kanamycin and 20 and 5% respectively when kanamycin was included. A similar trend was observed when strawberry explants were transformed with the MYB10 gene or the GUS gene. After transformation with the MYB10 gene, 6% of the explants produced a shoot with visible anthocyanin accumulation. When transforming the GUS construct into explants, no GUS positive shoots were found. In case kanamycin was included in the regeneration medium, a single shoot was found that stained blue for GUS while 10% of the explants produced shoots with visible anthocyanin accumulation. In potato, the transformation efficiencies for the different constructs were of the same order, 7% for the MYB10 gene (determined after overnight acid methanol of leaf material from transformed shoots) compared to 9% for the 35S:: GUS construct (positive staining spots) when kanamycin was omitted. When kanamycin was included the transformation efficiencies were 17% for MYB10 and 24% for GUS.
Detection of chimerism
During the selection for anthocyanin accumulating shoots, those with an overall uniform anthocyanin accumulation were initially chosen for multiple in vitro propagation cycles. Ten apple lines, 12 strawberry lines and 21 potato lines were propagated The results presented in this manuscript show that it is possible to use the MYB10 gene from apple as a selectable marker gene for transformation of apple, strawberry and potato plants using standard transformation protocols. For apple and strawberry anthocyanin accumulation is directly visible in planta, for potato additional extraction in acid methanol is required in order to visualize increased anthocyanin synthesis by red coloration of the extract. Red shoots, accumulating anthocyanin, always tested positive for the presence of the MYB10 construct. However, not all shoots that are PCR positive for the introduced MYB10 gene showed an anthocyanin accumulating phenotype. This type of variation among individual transgenic plants is often found in plant transformation experiments and can be explained by variation in expression of the introduced MYB10 gene caused by copy number, position of integration or silencing of the transgene (Butaye et al. 2005 ).
The possibility of chimerism When the GUS construct was used for transformation, several plants with blue-staining sectors or spots were observed. This patchy GUS staining was observed in regenerating shoots both when kanamycin was omitted and when it was included in the medium (Online Resource 3). This non-uniform GUS staining can be attributed to the staining procedure, gene silencing, or chimerism of the regenerated shoot. Chimeras in apple have been reported in transformants of apple obtained without use of a selectable marker (Malnoy et al. 2010) at a low frequency. In two out of 26 transgenic apple lines that were initially selected on kanamycin but propagated for 4 years in vitro under non selective conditions (Flachowsky et al. 2008 ) chimerism was detected as well. Similarly, in tobacco transformation under non selective conditions, one third of the recovered shoots were shown to be chimeric (Li et al. 2009 ) as opposed to 6-7% when kanamycin was used as selection marker. So chimerism, not observed here in our experiments, is expected to occur occasionally. An additional phase after selecting the putative transgenic plants, such as re-regeneration could reduce the problem of chimerism.
In our study, 10 apple, 12 strawberry and 21 potato lines were multiplied for 21 rounds of propagation and the plants still showed uniform red coloration. On the basis of red coloration these are expected to be uniformly transformed, but the ultimate proof will include future experiments where several rounds of regeneration of transformed plants will be analysed for their possible chimerical nature.
Conditions for selecting putative transgenic plants
Our results showed that for apple a possible early phase for selecting putative transformants is callus initiated in the dark. Red calli were observed that produce a red shoot, although this happened at very low frequencies. Upon transformation of potato or strawberry there is a very short callus phase so the shoot stage is the earliest opportunity for testing.
Environmental factors, especially light and temperature are also able to induce the production of anthocyanins (Rabino and Mancinelli 1986) . Exposing regenerating plants to high light intensity usually was accompanied by an increased anthocyanin accumulation, even in control plants.
Selection for anthocyanin accumulating shoots in the dark would prevent light induction of endogenous anthocyanins but unfortunately also causes a decrease in shoot outgrowth (Predier and Malavasi 1989) . Using our standard transformation conditions we were able to select transgenic plants when we selected for anthocyanin accumulating shoots after regeneration in the light.
Here, in apple and strawberry regenerating shoots with very high anthocyanin accumulation died. Apparently anthocyanin accumulation can be toxicpossibly by influencing the redox state of the cell or by sequestering all available carbon and nitrogen. Similar results were described by Bower et al. 1996 , who described constitutive expression of the maize R and C1 gene to be lethal for regenerating sugarcane shoots beyond a certain developmental state. The differences between the experiments are in the promoter that was used to drive expression of the anthocyanin inducing transcription factor genes (35S CaMV versus MYB10), the origin of the coding part of the genes (maize versus apple) and the method to deliver the genes into the genome (particle gun bombardment versus Agrobacterium), and the host plant themselves (sugarcane versus apple/strawberry/potato).
In potato, visible accumulation of anthocyanins in intact plants transformed with the MYB10 gene was observed after overnight incubation of leaf or root material in acid methanol. The total anthocyanin content of the transformed apple, potato and strawberry plants detected by HPLC was similar, around one percent of the total dry weight (Fig. 3) for the plants visually showing the highest anthocyanin accumulation. The structural composition of anthocyanidins from the different sources varied, apple and strawberry mainly contained cyanidin and potato mainly contained the red pelargonidin. In contrast to control plants, MYB10 transformed apple and strawberry accumulated detectable amounts of pelargonidin and peonidin. Potato transformed with the apple MYB10 gene accumulated detectable amounts of delphinidin. The differences in anthocyanin amount and composition were not likely to be the reason for the lack of red colour in the potato plants. Colour is not only determined by the amount and chemical structure of the flavonoids, but also by the presence of other coloured pigments and by the vacuolar pH (Tanaka and Ohmiya 2008) . It is possible that the anthocyanins formed in potato were not transported to the vacuole or that the vacuolar pH was too high. The pH of grinded potato leaf material in water was measured with a pH electrode to be 5.75 which is consistently higher compared to the pH 5.45 of grinded strawberry leaf material. Submersion of transgenic potato plants in acidic methanol, but not methanol without acid, immediately turns the material red suggesting that the lack of red colour in intact transgenic potato plants is dependent on a relative high pH.
Transformation frequencies for MYB10 and GUS gene constructs Analysis of the results of transformation frequencies (Table 3) showed that the percentage of transformed plants with the MYB10 gene was higher relatively to the ones transformed with the GUS construct. According to Yao et al. (1995) , the transformation efficiency of apple cultivar Royal Gala was described to be to 2.8%, which is comparable to the transformation frequency found using the GUS gene (2-5%). When using the MYB10 construct, the transformation frequency was to 9-20%, suggesting that the presence of the MYB10 gene promotes regeneration. The same was found in strawberry transformation experiments; higher transformation frequency for the MYB10 gene, though in potato the transformation frequency when using the MYB10 gene stayed similar to that of the GUS gene. Logistic regression analysis was performed for experiments with binominal output (success/no success) where a shoot with a phenotype, either GUS positive staining or visible anthocyanin accumulation was defined as success. Possible explaining factors considered were: kanamycin_added, species (apple, strawberry, potato) and gene (MYB10, GUS). The P values were 0.06 for kanamycin added, 0.418 for species and 0.314 for gene type, respectively. From this we conclude that the differences observed in transformation frequencies were not statistically significant. More experiments will have to be carried out to determine whether the transformation efficiency increases when the MYB10 gene is used as a selectable marker or not. Speculation about a possible explanation for increased transformation frequency when using the MYB10 gene is, that the additional anthocyanins help to protect the regenerating cells against oxidative stress by acting as antioxidants (Terahara et al. 2001) . Although the precise mechanism is not fully understood, antioxidants in tissue culture improve plant transformation (Dan 2008) probably by protecting tissue against reactive oxygen species (ROS), which is the normal initial plant response after pathogen attack.
Another explanation for the differences between regeneration frequencies may lie in the structure of the vectors used, pART27 versus pK2GW7. To prove that anthocyanin accumulation is a result of expression of the MYB10 gene and not that the binary vector structure is primarily responsible for a higher transformation frequency, experiments will have to include the same binary vector for transformation.
MYB10 gene as a cisgenic or intragenic selectable marker
For apple, the MYB10 gene can even be used as what is referred to as a cisgenic selectable marker. Cisgenesis is a new emerging technology based on the use of natural genes that originate from the target plant itself (Schouten et al. 2006) or from crossable species that could be introgressed through sexual crossing. Similarly, intragenesis is a method based on using all native plant derived functional DNA from the same species or crossable wild species for transformation vectors (Rommens 2004). Both, cisgenesis and intragenesis, combine the benefits of genetic modification while at the same time avoiding many of the societal issues about the expression of foreign genes and proteins in food crops. The application of cisgenic and intragenic technology requires that crop-specific selectable marker genes must be identified. Anthocyanin regulatory and biosynthetic genes seem to be ideal because the biosynthesis pathway is conserved among plant species and a large number of genes involved in the pathway have been identified. Natural mutants with colour phenotypes and altered anthocyanins have been identified in many species, such as grape, apple, pear, potato, maize and petunia (Winkel-Shirley 2001 and references therein), and would be likely candidates to be used as selectable marker genes. Recently, the sweet potato IbMYB1 gene was evaluated for being used as a intragenic marker for sweet potato transformation (Kim et al. 2010) , showing the potential application of visible marker genes in transformation of different plant species.
Experimental procedures
Plasmids used for transformation
Two binary plasmids were used for transformation experiments. The T-DNA region of plasmid pART27-21 carries the apple MYB10 genomic region from cultivar Red Field, including 1.8 kb upstream of the translational start, the coding region and 2 kb after the translational stop codon in plasmid pART27 (Gleave 1992) as well as the NPTII gene (Fraley et al. 1983) The plasmid pK 2 GW7.0 (Karimi et al. 2002) carries the GUS gene (Joersbo and Okkels 1996) under the control of the 35S Cauliflower Mosaic Virus promoter (Odell et al. 1985) and the NPTII gene for resistance against kanamycin.
Plant material, transformation procedure and selection of transformed plants Plant material of apple (cv Gala), strawberry (cv Calypso) and potato (cv Desiree) were obtained from established tissue cultures in the lab. For transformation purposes, these were micro-propagated on medium including macro-and micronutrients, vitamins (Murashige and Skoog 1962) and 30 g/l sucrose unless stated otherwise. All plant material was placed in a climate chamber with a day/night cycle of 16/8 h and set at 24°C at 15 lE/m 2 /s unless stated otherwise. Agrobacterium tumefaciens strain AGL-0 (Lazo et al. 1991) , with either binary plasmid pART27-21 or pK 2 GW7.0, was used for all transformation experiments.
For apple, leaf material of cultivar Gala was used for transformation, according to the method described by Yao et al. (1995) . Leaf explants were cocultivated with the bacteria for 3 days and then placed on callus induction medium SIM (including MS salts with vitamins and 3% w/v sorbitol) and incubated in the dark at 24°C, either with or without kanamycin (50 mg/l). After 4 weeks, calli were harvested, put on fresh medium and placed in the light (day/night cycle of 16 h light, 8 h dark). Emerging shoots were placed on SEM medium (including MS salts with vitamins, 2% sucrose, 1% galactose and BAP/GA3) with or without kanamycin. Shoots with several leaves were placed on SPM [including MS salts and vitamins, 3% sucrose and 96 mg/l FeEDDHA (ferric ethylenediaminedi(hydroxyphenylacetate))].
Strawberry cultivar Calypso leaf explants were cocultivated for 3 days with A. tumefaciens carrying either the pART27-21 or pK 2 GW7.0 plasmids, according to the method described by Schaart et al. (2002) with or without kanamycin (50 mg/l). Shoots regenerated from the explants without a visible callus phase and were harvested 12-16 weeks after start of the experiment.
Potato stem segments of cultivar Desiree were cocultivated for 3 days with A. tumefaciens carrying the pART27-21 or pK 2 GW7.0 plasmids, according to the method described by Visser (1991) . Regenerated shoots were harvested from stem segments, with minimal callus formation, after 4-10 weeks and cultured on MS medium including 3% sucrose, with or without kanamycin (50 mg/l).
Histochemical assay and microscopic analysis Plant tissues were analysed for ß-glucuronidase activity according to the method described by Jefferson (1987) , using a modified buffer containing 100 mM sodium phosphate buffer, pH 7.5, 10 mM EDTA, 0.1% Triton X-100, 1 mM K 3 [Fe(CN) 6 / K 4 [Fe(CN) 6 .3H 2 O]] and 2 mM X-gluc (5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid). Tissues were incubated overnight at 37°C, and chlorophyll was extracted for 2 h in 80% ethanol. Blue staining was detected by eye and with the help of a microscope.
PCR detection of MYB10, GUS and VirG
Genomic DNA was isolated from regenerated shoots with a CTAB-based extraction buffer according to the protocol described by Rogers and Bendich (1988) .
PCR primers, designed to amplify a 500 base pair region of the MYB10 promoter containing the R6 repeat and a 400 base pair region of the endogenous promoter, have been described by Espley et al. (2009) . PCR products were analysed by agarose gel electrophoresis according to standard molecular biology protocols (Sambrook et al. 1989) . Primers used to amplify a 819 bp region of the VirG gene to detect the presence of Agrobacterium were forward primer (5 0 -3 0 ) CCGCGGTCAGCCGCAATTCT, reverse primer (5 0 -3 0 ) CCTGCACGTCCGCGTCAAAGAAATA.
Extraction and determination of anthocyanins
Total anthocyanin content was determined spectrophotometrically according to the method described by Fuleki and Francis (1968) . At least 100 mg of leaf or root material was cut from plants grown in vitro and incubated overnight at 4°C in a solution of 1% (w/v) hydrochloric acid in methanol. The supernatant was collected after centrifugation and transferred to a fresh tube. Absorbance was measured at 530 nm and 657 nm (to correct for chlorophyll) and expressed in absorbance units as anthocyanin content per gram fresh weight. For determination of the total amount and the composition of the anthocyanins, 1-10 g of plants grown in vitro was freeze-dried and ground in liquid nitrogen. Anthocyanin was extracted in 2 ml of 1% (w/v) acetic acid in methanol with 0.1% butylated hydroxyanisol (BHA). After centrifuging for 5 min, the supernatant was diluted 1:1 with milliQ water and a 100 ll aliquot was separated by reverse phase HPLC using a C18 Thermo column with a gradient of 1% H 3 PO 4 :H 3 PO 4 in formic acid/TFA in acetonitrile. For hydrolysis, 2 volumes of 2 N HCl were added, and the sample was heated to 99°C for 2 h. Extraction was carried out twice. Samples were run on the column twice. The anthocyanidin standards (cyanidin, pelargonidin, peonidin and delphinidin chloride) were obtained from Sigma-Aldrich Chemie B.V. (Zwijndrecht, the Netherlands).
pH measurement of leaf homogenates One hundred milligram of leaf material was grinded in liquid nitrogen. Six millilitre of distilled water was added and the pH was measured immediately with a pH electrode (pH meter CG840, Schott).
Statistical analysis
Statistical analysis was performed with Excell software version 2003.
